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ABSTRACT

This report characterizes various features of visibility in California
using prevailing visibility measurements at 67 weather stations in conjunc-
tion with data on particulate concentrations and meteorology. The study
addresses the issues of data quality, visibility/meteorology relationships,
spatial visibility patterns, seasonal visibility patterns, diurnal visibi-
lity patterns, visibility/aerosol relationships, and historical visibility
trends.

The weather station visibility data prove to be of very good quality
for most of the analyses conducted herein; the only major data quality pro-
blem arises in the investigation of long-term historical trends. It should
be noted, however, that -- because of the nature of reporting practices at
weather stations -- special techniques must be applied in determining the
statistical distribution of the data and in calculating visibility percen-
tiles (e.g. medians).

The most important meteorological parameters with respect to visibility
are relative humidity, temperature, and special weather events (especially
fog), all three of which correlate negatively with visibility. It is
found that very simple meteorological classification schemes can explain
80% of the temporal variance in visibility at given locations.

A detailed isopleth map based on all data (with no sorting for meteor-
ology) reveals severe spatial gradients in visibility within California.
The part of California along the Nevada border experiences among the best
visibility in the nation (yearly median exceeding 70 miles), but California
also contains two major pockets of very low visibility, the Los Angeles
basin (yearly median less than 10 miles) and the San Joaquin Valley (yearly
median less than 15 miles). An analysis of spatial patterns in emissions
data, ambient particulate data, and meteorologically stratified visibility
data indicates that these two major pockets of low visibility are basically
caused by poor air quality rather than natural factors.

Minimal visibility in southern California and along the central coast
occurs during the summer or spring, while minimal visibility in the Central



Valley, San Francisco region, and areas to the north and east occurs during
the fall or winter. Sites in the Los Angeles basin display extremely low
median visibilities (5 to 7 miles) during the summer; sites in the San
Joaquin Valley exhibit extremely low median visibilities (6 to 7 miles) dur-
ing the fall. The seasonal visibility patterns appear to be produced by
seasonal air quality variations in the most man-affected areas (e.g. the
Los Angeles basin and San Joaquin Valley) and by natural factors in the
cleanest areas.

The diurnal pattern of visibility at most California locations seems
to be dominated by the diurnal pattern of relative humidity; visibility is
usually at a minimum during the early morning and increases during the day.
When the data are sorted for meteorology, however, maximum visibility tends
to occur in the morning, with minimum visibility at mid-day. This latter
pattern agrees with the expected diurnal variations in aerosol concentrations.

Regression analyses relating visibility to relative humidity and aero-
sol concentrations produce high levels of correlation (.75 to .90) and
physically reasonable regression coefficients. Averaged over 12 locations,
the results indicate that sulfates account for approximately 40% of visi-
bility reduction, while nitrates (or related photochemical pollutants) and
the remainder of TSP each account for slightly more than 25%. Further work
is necessary, however, in order to resolve statistical problems in the
regression models and to extend the analysis into more areas of California.

From 1950 to 1966, visibility deteriorated at most locations in
California, especially at sites in or near the Central Valley. From 1966
to 1975 nearly all California sites exhibited visibility improvement. The
net effect from 1950 to 1975 was improvement in some areas (e.g. the central/
coastal parts of the Los Angeles and San Francisco regions) but deterioration
in other areas (e.g. the San Joaquin and southern Sacramento Valleys). Pre-
liminary analyses indicate that the observed historical trends in visibility
represent air quality changes rather than purely meteorclogical phenomena.
Comprehensive data need to be compiled on long-term emission trends, however,
before we can fully understand historical visibility trends.

This report is submitted in fulfillment of Contract Number A7-181-30
by Technoiogy Service Corporation, under the sponsorship of the California
Air Resources Board. Work was completed in April 1980.
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1.0 INTRODUCTION AND SUMMARY

One of the most readily apparent effects of air pollution, visibility
degradation, is receiving increased attention from researchers because it
may be closely related to some of the most damaging effects of air pollution.
Two obvious types of damage associated with visibility impairment are aesthe-
tic/psychological costs and hindrance of aviation. There has also been spec-
ulation, partly supported by theory and data relevant to the Northeast
United States, that haze levels may play a significant role in climate mod-
ification. Finally, if (as several researchers have proposed) visibility is
closely related to atmospheric sulfate and nitrate concentrations, then haze
is 1inked with other sulfate and nitrate problems, such as acid rain and,
possibly, health effects.

Visibility degradation is an especially important air quality issue
in California where mountain ranges frequently offer exceptional panoramas.
Concern is often expressed over the intense haze that can be found in major
metropolitan areas such as Los Angeles. It is also a common public opinion
that visibility levels have deteriorated in some of the less urbanized areas
of California, and there is apprehension that future growth and development
will lead to further visibility degradation.

The concerns over visibility degradation, both nationwide and in Cali-
fornia, are reflected in the 1977 Clean Air Act Amendments wherein Congress
established as a national goal "the prevention of any future and the remedy-
ing of any existing impairment of visibility in mandatory Class I Federal
areas, which impairment results from manmade pollution". The Environmental
Protection Agency (EPA) is now developing regulations for implementing a
national visibility program (Federal Register 1979a). As mandated by Congress,
EPA's regulations will require State Implementation Plans to include best
available controls for both new and existing major sources likely to impair
visibility in Class I areas. The regulations will also require State Imple-
mentation Plans to include a 10 - 15 year strategy for making reasonable pro-
gress toward the visibility goal.



The national visibility regulatory program will have significant
effects on air quality planning in the state of California. Of the 156
mandatory Class I Federal areas where EPA has judged visibility to be an
important value (Federal Register 1979b), 29 areas are located in California.
In future State Implementation Plans, the California Air Resources Board
will be faced with the problem of formulating visibility protection plans
for these 29 areas (and possibly for additional areas that may be redesig-
nated Class I).

Because visibility is an important air quality concern in California,
and because technical information is needed to support visibility provisions
in future State Implementation Plans, the Air Resources Board has contracted
with Technology Service Corporation to conduct a comprehensive study of
existing visibility data for California. The objectives of this study, for
which this document serves as a final report, are as follows:

o Documentation of the availability and quality of weather-station

visibility data, and formulation of procedures for meteorologically
stratifying visibility data.

e Characterization and explanation of geographical patterns in visi-
bility throughout California.

e Description and analysis of seasonal variations in visibility.
e Description and analysis of diurnal variations in visibility.

s Characterization of the relationship between visibility levels and
aerosol concentrations, and formulation of haze budgets allocating
visibility impairment among various aerosol components.

¢ Description and analysis of long-term (27 year) trends in visibility,
and investigation of the possibility that changes in haze levels have
noticeably affected climate.

The six sets of objectives listed above are the subjects of Chapters 2
through 7, respectively. The remainder of the present chapter provides an
introduction to the basic technical concepts of visibility, a summary of the
findings and conclusions reached during this study, and recommendations for
future research.



1.1 BASIC CONCEPTS AND DEFINITIONS

Visibility refers to the clarity of the atmosphere and can be de=
fined quantitatively in terms of discoloration (wavelength shifts pro-
duced by the atmosphere), contrast (the relative brightness of visible ob-
jects), and/or visual range (the farthest distance that one would be able
to distinguish a large black object against the horizon sky). Because this
study is based on weather-station measurements of visual range, we will de-
fine visibility as visual range and will use the two terms interchangeably.
It should be noted that the concept of visual range makes most sense in
situations of large-scale homogeneous haze, which is the type of visibility
phenomenon being addressed in this report.

Visibility through the atmosphere is restricted by the absorption
and scattering of 1ight by both gases and particles. The sum of absorption
and scattering is called total extinction which is measured by the extinction
coefficient "B". The extinction coefficient represents the fraction of light
that is attenuated per unit distance as a light beam traverses the atmosphere.
In a homogeneous atmosphere, visibility is inversely proportional to ex-
tinction. For a standard observer (one able to perceive a two percent con-
trast), the Koschmeider formula expressing this relatjonship is:

= 29\[_3 (1_1)
where the units of visibility (V) are [statute miles], and the units of B
are [10'4 1} the standard units for extinction. Examples of average
visibility in certain areas and corresponding extinction coefficients are
listed in Table 1.1.

meters

It is often preferable to discuss visibility in terms of extinction
coefficient rather than visual range because the extinction coefficient can
be 1inearly subdivided into contributions from various atmospheric components.
In general, total extinction is a linear sum of four terms:

B +B B

- BRay]eigh * BAb-Gas Scat-Part * Ab-Part

Here, = 1light scattering by air molecules (Rayleigh or blue-

sky scatter). This term is on the order of .10 to .12

BRayleigh



TABLE 1.1 VISIBILITIES AND EXTINCTION COEFFICIENTS
TYPICAL OF VARIQUS AREAS.

VISIBILITY EXTINCTION COEFFICIENT EXAMPLES OF AREAS EXHIBITING THIS
(MILES) (10-4 m-1) AVERAGE VISIBILITY

8 3.04 Central/eastern part of the Los
Angeles Basin.

10 2.43 Fringes of the Los Angeles Basin,
or metropolitan centers in the
Northeast, or large-scale haze in
the Ohio Valley.

12 2.03 San Joaquin Valley of California,
or large-scale haze typical of
most nonurban areas east of the
Mississippi and south of the Great
Lakes.

20 1.22 Delta region east of San Francisco,
or the Central Plains states
(Minnesota, lowa, and the eastern
parts of Nebraska, Kansas, Oklahoma,
and Texas).

50 0.49 Northeast plateau of California, or
the area along the California-
Arizona border, or the northern
mountain states (Idaho and Montana).

80 0.30 Area along the California-Nevada
border, or the southern mountain/
desert states (Nevada, Utah, Colo-
rado, northern New Mexico, and
northern Arizona).

200 0.12 Air at sea level free of all
particles and all pollutant gases.

250 0.10 Air at 5000 feet altitude free of
all particles and all pollutant
gases.




(104mfa'depend1ng on altitude (i.e., depending on the
density of air); it would restrict visibility to ap-
proximately 200-250 miles if all particles and pollutant
gases were absent,

Ab-Gas = 1ight absorption by gases.  Nitrogen dioxide (NOZ) is
the only prevalent gaseous pollutant that is a signi-
cant light absorber. Although concentrations of NO2
are usually not large enough to produce significant
reductions in overall visual range, N02 can produce
significant brownish discoloration because it prefer-
entially absorbs blue light.

Bscat—papt = 119ht scattering by particles (aerosols). In most
cases, this is the dominant part of total extinction
and therefore the main contributor to reduced visual
range.

BAb—Part = light absorption by particles. This term can become
substantial in those areas where black soot con-
stitutes a significant fraction of the aerosol.

As noted above, light scattering by particles usually dominates total
extinction in hazy air masses. The two major exceptions are remote areas
of the Rocky Mountain Southwest (including the California-Nevada border
region) where natural blue-sky scatter is comparable to light scattering
by aerosols, and certain urban areas where absorption by soot particles may
be comparable to Tight scattering by aerosols.

1.2 SUMMARY

The following subsections summarize our findings and conclusions con-
cerning visibility in California. For convenient referral, the summary is
organized according to the order of the chapters.

Description of the Data Base

The visibility data presented in this report consist of routine pre-
vailing visibility measurements made at weather stations (usually airports).



Because daytime and nighttime visibility measurements are often incompatible,
and because the daytime data are usually of higher quality, only daytime ob-
servations are used throughout the report. Before sites were selected for
the study, telephone surveys were conducted with visibility observers to
insure that each weather station had an adequate set of visibility markers
for estimating visual range. Based on this survey, 67 locations were chosen
for the analysis.

Of the 67 study locations, data were available in computerized form
" for 21 sites and in hard-copy form (micro-fiche) for 46 sites. All 67
locations are used to characterize the geographical and seasonal patterns of
existing visibility (based on 1 PM data for the years 1974-1976). Only the
sites with computerized data could be used for other analyses such as
visibility/meteorology relationships, meteorologically stratified spatial/
temporal patterns of visibility, and Tong-term visibility trends.

There are several indications that the airport visual range data are
of very good quality for use in analyzing geographical-seasonal-diurnal
patterns of visibility, visibility/meteorology relationships, and visibility/
aerosol relationships. The only major problem with the quality of the
visibility data arises in the investigation of historical trends; artificial
jumps in the trend data can be produced by changes in observation locations
and/or reporting practices. Although procedures are formulated herein to
help minimize this problem, the presence of artificial jumps in the hisotrical
trend data nevertheless remains an important data quality concern.

Several of our analyses use routine Hi-Vol sampler measurements of TSP
(total suspended particulate mass), sulfates, and nitrates in conjunction
with the visibility data. The most important limitation of the particulate
data is the severe measurement problem (artifacts and interferences)
associated with nitrates.

Our descriptions of the patterns in visibility data are based on
percentiles of visual range, usually the 50th percentile (median visibility),
but sometimes alsc the best-case 10th percentile and worst-case 90th percen-
tile. Because of the nature of reporting practices at weather stations,
special techniques must be applied in determining the statistical distribution



of the data and in calculating visibility percentiles. Application of the
appropriate techniques makes the data consistent from site to site even if
the various stations have visibility markers at different distances.

In order to gain an understanding of visibility/meteorology relation-
ships and to develop an appropriate procedure for meteorological stratifica-
tion of the visibility data, an extensive investigation is conducted regard-
ing the dependence of visibility on meteorology. The investigation uses a
very general and powerful statistical technique, decision-tree analysis, to
relate visibility to meteorological parameters.

The most obvious meteorological conditions associated with low values
of visibility (high values of extinction coefficient) are discrete weather
events -- especially fog, but sometimes precipitation or blowing dust. Of
the continuous weather parameters, relative humidity and temperature (both
of which correlate negatively with visibility) are most important. Wind
speed and ceiling height also bear Significant relationships to visibility.

To reduce the statistical variance caused by meteorology, and to help
separate man-made visibility impacts from natural visibility effects, pro-
cedures are developed for meteorological stratification of the visibility
data. After formulating and evaluating numerous meteorological classifi-
cation schemes, the following four-class scheme is selected:

Class I: fog, precipitation, blowing dust/snow, or wind speed > 12 knots.
Class II: non-Class I and relative humidity < 40%,
Class III: non-Class I and 40% £ relative humidity < 70%.
Class IV: non-Class I and 70% € relative humidity.
This meteorological classification scheme explains about 80% of the variance
in the extinction (visibility) data.

Geographical Patterns of Visibility

Using 1:00 PM data for 1974-1976 at 67 locations, a detailed isopleth
map is prepared illustrating the geographical patterns of visibility through-
out California. Because this map is based on all data (with no sorting for
meteorology), the spatial visibility patterns represent both climatological
variations and air quality variations. The map reveals that the spatial
gradients of visibility in California are far more severe and complex than
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those observed anywhere else in the United States. Some parts of California
exhibit among the best visibilities in the nation, while other parts exper-
jence among the worst visibilities in the nation.

The clearest air in California occurs along the Nevada border. Qne
area along the border, Death Valley National Monument and the mountainous
areas immediately northwest, experiences median visibility exceeding 70
miles. This area is on the fringe of a large region in the desert/mountain
southwest United States which exhibits the highest visibilities in the nation.

Median visibility is also quite good, 45 to 70 miles, in the plateaus
and mountains of northern California, the mountains of central-eastern
California, the desert near the Arizona border, and the Vallecitos Mountains
east of San Diego. To the west of all these areas, very sharp gradients
occur, with visibility falling to less than 15 miles along the entire coast-
Tine except the far northern coast near Oregon, where median visibility
falls to Tess than 25 miles.

Two significant pockets of poor visibility occur between the coast and
eastern California. Median visibility is less than 15 miles in the large
area consisting of the central/southern San Joaquin Valley. Visibility 1is
less than 10 miles in the center of the Los Angeies basin.

A comparison of the spatial variations in visibility with the spatial
variations in ambient particu]éte concentrations reveals good qualitative
agreement between visibility patterns and the concentration patterns for
sulfate and nitrate. The San Joaquin Valley and South Coast Air Basins, the
two major pockets of low visibility, are obvious hot-spots for sulfate and
nitrate. Although TSP concentrations also tend to be highest in the San
Joaquin Valley and South Coast Air Basins, the spatial patterns in TSP do
not generally seem to correspond as well with the visibility variations as
do the spatial patterns in sulfate and nitrate.

The spatial patterns of anthropogenic emissions, ambient aerosol con-
centrations, and climatology suggest that the two major pockets of Tlow visi-
bility in California are caused by air quality variations rather than purely
natural factors, such as fog, relative humidity, or precipitation. The
extremely low visibilities in the central and eastern parts of the South



Coast Air:Basin are likely caused by the high concentration of SOX. NOX,
hydrocarbon, and particulate emissions in that air basin, with the problem
exacerbated by relatively Tow wind speeds, strong inversion layers, and
intense sunlight (leading to high production rates for photochemical aerosols).
The large pocket of low visibility in the central/southern San Joaquin Valley
may be related to several factors: (1) the high level of SOX emissions in
that area, (2) the relatively long residence times of air parcels in the

San Joaquin Valley which allows greater time for secondary aerosols to form
and accumulate, (3) the transport of secondary aerosol precursors from the
San Francisco Bay Area, and (4) particulate matter from agricultural burning
and dust sources.

The spatial variations in visibility east of the San Francisco Bay
Area suggests that the principal visibility impact of Bay Area emissions may
tend to be a diluted effect occurring downwind in the Central Valley rather
than a concentrated effect occurring locally. Although the greatest visi-
bility impact of emissions in the Los Angeles basinoccurs within the basin,
it appears that visibility deterioration from Los Angeles sources extends
well into the Southeast Desert Air Basin.

Isopleth maps for worst-case 90th percentile visibility and best-case
10th percentile visibility display the same general spatial patterns as the
map for median visibility. Specifically, the best visibility occurs along
the California-Nevada border; visibility generally declines as one moves
from the eastern borders toward the coast; and two significant pockets of
Tow visibility, the South Coast and San Joaquin Valley Air Basins, occur
between eastern California and the coast. One major difference among the
visibility percentiles is that worst-case visibility exhibits more severe
spatial gradients than median visibility which in turn shows stronger
spatial gradients than best-case visibility. A corollary of the less intense
spatial gradients in best-case 10th percentile visibility is that nearly all
parts of California experience at least a few very clear days.

In order to gain a better understanding of natural versus man-made
influences on visibility, an isopleth map is prepared with visibility data
stratified according to meteorology (using meteorological Class III). In



far-northern California, the meteorologically sorted data exhibit milder
coast-to-inland gradients than the unsorted data; this indicates that some,
if not most, of the coast-to-inland gradient in far-northern California is
due to natural factors such as fog and relative humidity. Meteorological
stratification slightly intensifies the pockets of poor visibility in the
Los Angeles basin, San Joaquin Valley, and southern Sacramento Valley; this
strongly supports our hypothesis that the low visibility in these areas
stems primarily from man-made sources.

Seasonal Patterns of Visibility

Seasonal patterns in median 1:00 PM visibility are documented using
all data (with no sorting for meteorology) for the years 1974-1976 at the
67 study locations. The data are divided according to the four calendar
quarters: Jan. - Mar. (winter), Apr.-Jun. (spring), Jul. - Sept. (summer) ,
and Oct. - Dec. (fall). It is found that the seasonal pattern in visibility
is not uniform throughout California. The seasonal patterns are usually
consistent, however, within individual air basins and major geographical
sections of California.

Nearly all locations in southern California and along the central
coast -- the South Coast, San Diego, Southeast Desert, South Central Coast,
and North Central Coast Air Basins -- exhibit minimum visibiTity during the
spring or summer (especially the summer), and maximum visibility during the
fall and winter. Nearly all Tocations in the San Joaquin Valley, Sacramento
Valley, and San Francisco Bay Area Air Basins display minimum visibility dur-
ing the fall and winter and a distinct maximum during the spring; a similar
pattern exists in the Northeast Plateau Air Basin (as well as some locations
in the North Coast and Lake Tahoe Air Basins), except that maximum visibility
is usually displaced from the spring to the summer.

Maps are prepared illustrating the geographical distribution of
median visibility for each of the four seasons. Many significant changes
in the spatial distribution of visibility are evident from season to season.
The most notable seasonal variations involve the two major pockets of poor
visibility, the South Coast and San Joaquin Valley Air Basins. During the
summer, nearly the entire South Coast Air Basin experiences median visibi-
Tity less than 7 miles, and the central/eastern part of the basin exhibits
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a median of approximately 5 miles. The San Joaquin Valley experiences mini-
mal visibility during the fall, when the central/southern parts of the valley
exhibit median visibilities of 6 to 7 miles, and an area of less than 10
miles visibility extends northward into the southern Sacramento Valley.

The causes for the seasonal patterns of visibility are analyzed by
compiling data on seasonal variations in aerosol concentrations and by
stratifying the seasonal visibility data according to meteorology. The
analysis indicates that, at those locations where man-made visibility im-
pacts are most severe (i.e. the South Coast and San Joaquin Valley Air
Basins), the seasonal visibility patterns appear to be closely related to
seasonal air quality variations (especially variations in sulfate and nitrate).
For example, the winter/fall visibility minimum in the San Joaquin Valley is
reflected in a winter/fall maximum for sulfate and nitrate; also, the
meteorologically sorted visibility data for the San Joaquin Valley exhibit
an even more pronounced winter/fall minimum than do the raw data. At those
locations with Tesser man-made impacts, i.e. the small coastal cities and
northeastern California, the seasonal visibility patterns appear to be more
closely tied to natural factors.

Diurnal Patterns of Visibility

Diurnal patterns in visibility are examined for the four daytime hours
(7 AM, 10 AM, 1 PM, and 4 PM PST) in the computerized weather records. The
initial analysis is performed using all the data (no sorting for meteorology).
With the exception of the few far-inland/desert sites, basically all locations
display a pattern of increasing visibility during the course of the day, with
visual range about 20 to 60% higher at 4 PM than it is at 7 AM. At the far-
inland/desert sites, visibility stays about constant or decreases during the
day.

Based on physical reasoning, we expect that ambient particulate con-
centrations (both primary and secondary aerosols) should reach a maximum
around mid-day. Although an extreme paucity of data exists concerning the
diurnal pattern of aerosol concentrations, the few measurements that are
available seem to support this expectation. Because visibility tends to
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increase during the day after a 7 AM minimum, we conclude that the daytime
variation in aerosol concentrations is not the principal factor affecting
the daytime variation in visibility.

The factor that controls the diurnal pattern of visibility at most
locations appears to be relative humidity. In all areas of California,
relative humidity tends to decrease substantially during the day, especially
from 7 AM to early afternoon. The increase in visibility during the day at
most locations is probably caused by the decrease in water associated with
the aerosol, what the layman might call "burning off" of fog and haze by
the sun. The reason why the far-inland/desert sites do not display the
typical pattern of increasing visibility during the day is because the
effects of relative humidity on aerosol Tight scattering are less important
under dry conditions. With the relative humidity effect reduced in the
desert, other factors (probably aerosol concentrations) become more signi-
ficant to the diurnal visibility patterns.

A map is prepared illustrating the geographical distribution of the
average time for minimum visibility. This map reveals an obvious coast-to-
inland gradient. The time of minimal visibility averages approximately
9-10 AM at the coastal sites and 11-12 AM at the far-inland/desert sites.
The explanation for this spatial pattern is that relative humidity effects --
which tend to produce minimum visibility early in the morning (i.e. at the 7
AM observation) -- are most important along the coast. As one proceeds
inland, the diurnal patterns of aerosol concentrations become of greater
significance as the relative humidity effects diminish in significance.

The spatial gradients in average time for minimal visibility are slightly
more intense in the South Coast and San Francisco Bay Area Air Basins than at
other locations. This likely reflects the phenomenon of poliution transport
within the Los Angeles and San Francisco Air Basins under the daytime sea
breeze.

Although serious difficuities arise in stratifying the diurnal visi-
bility patterns according to meteorology, the meteorologically stratified
data at nearly all sites do agree with our expectation concerning the mid-day
peak in aerosol concentrations. Specifically, the meteorologically stratified
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visibility data tend to show a maximum in visibility at 7 AM (in contrast
to the 7 AM minimum for the raw data) with a minimum around mid-day.

Visibility/Aerosol Relationships

Our analysis of visibility/pollutant relationships is based on statis-
tical regression equations that relate daytime average extinction (determined
from the visibility data) to daily averages of sulfates, nitrates, the re-
mainder of TSP, and relative humidity. The coefficients of these regression
equations can be interpreted as "extinction coefficients per unit mass" or
"extinction efficiencies" for each aerosol species. These extinction coef-
ficients allow us to estimate the fraction of haze (or fraction of visibility
loss) attributable to each aerosol component.

There are several limitations to the use of regression models for
quantifying visibility/aerosol relationships: (1) random errors in the data
base caused by imprecision in the measurement techniques for airport visi-
bility and aerosol concentrations; (2) incompatibilities between the airport
data and the aerosol data which are collected at different locations and
over different hours of the days; (3) biases in the measurement of sulfates
and, especially, nitrates; and (4) statistical problems introduced by the
intercorrelations among the "independent" variables (sulfates, nitrates, re-
mainder of TSP, and relative humidity) and by correlations between these
variables and other visibility-related pollutants omitted from the analysis.
The most important limitations are the measurement errors for nitrates and
the statistical problems. In fact, because of the difficulties associated
with nitrates, it is best to regard the "nitrate" variable as a gross measure
of both nitrate aerosols and related photochemical pollutants (such as secon-
dary organic aerosols and NOZ). A1l of the above limitations must be kept
in mind when interpreting the results of the regression analyses.

Visibility/aerosol regression models are completed for 12 locations:
four in the South Coast Air BAsin; two each in the San Francisco Bay Area,
San Joaquin Valley, and Sacramento Valley Air Basins; and one each in the
San Diego and South Central Coast Air Basins. Two regression equations are
used, a completely linear model and a model incorporating nonlinear relative
humidity effects. At each location, the regression models are run on two
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data bases, one excluding days with precipitation or any fog, and the other
excluding days with precipitation or severe fog.

For the data sets excluding days with precipitationorany fog, the
regression models indicate that, averaged over the 12 sites, sulfates
acount for approximately 40% of total extinction, while nitrates and
remainder of TSP each account for slightly more than 25% of extinction.
Sulfates seem to be relatively more important at the southern sites (the
four SCAB locations and San Diego); nitrates appear to be relatively more
important in the San Joaquin Valley; and the remainder of TSP seems to be
relatively more important in the Sacramento Valley. The results are fairly
similar for the data sets excluding days with precipitation or severe fog,
except that the sulfate contributions are emphasized even more.

The regression analyses in this report, as well as similar studies
found in the literature, indicate that the extinction coefficients per unit
mass for secondary aerosols (sulfates and nitrates) are nearly one order of
magnitude greater than the extinction coefficients per unit mass for the
remainder of TSP. Qualitatively, this agrees with known principles of
aerosol physics. Secondary aerosols tend to accumulate in the particle size
range from 0.1 to 1 micron, while the remainder of TSP is usually dominated
by the coarse particle mode residing in the size range above 2 microns. Light-
scattering per unit mass of aerosol as a function of particle size exhibits
a pronounced peak at a particie size of about 0.5 microns, and particles
in the 0.1 to 1 micron size range scatter much more 1ight per unit mass than
particles above 2 microns in size.

Quantitatively, the extinction coefficients per unit mass obtained in
empirical/regression studies tend to be slightly higher than theoretical
values. There appear to be two factors causing this discrepancy: (1) differ-
ences in the daily time periods for measuring extinction (based on visibility
data from 7 AM to 4 PM) and aerosol concentrations (based on 24-hour Hi-Vol
data) and (2) statistical problems introduced by intercorrelations between
the independent variables. The first factor is not critical to the computa-
tion of extinction budgets because a cancellation of effects occurs during the
computation (the coefficients that are slightly biased high are muitiplied by
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aerosol concentrations that are correspondingly biased low). The statistical
problems, however, do adversely affect the extinction budgets.

Further work needs to be done in order to resolve the statistical prob-
lems in the visibility/aerosol regression analysis. The most promising ap-
proach would be to combine the statistical results with theoretical results and
derive a general extinction equation that is applicable to all sites within
a given area of California. In pursuing this approach, it will be necessary
to run regression models for additional sites in each area of California.

Historical Visibility Trends

Long-term visibility trends are documented for the period 1949 to 1976
at 19 locations in-and-near California. Potentially serious data quality
problems can occur in the historical trend analysis due to changes in re-
porting practices and/or observation locations at the weather stations. We
have attempted to minimize these problems by restricting the analysis to
station/years of uniform reporting practices, conducting statistical tests
on the significance of site relocations, and examining trends at nearby
locations for consistency.

Plots of long-term trends in median visibility (for all data with no
sorting for meteorology) at the 19 study sites reveal that visibility trends
in California tend to split into two generd] sub-periods, divided at approxi-
mately 1966. Before 1966, nearly all locations exhibit deteriorating visi-
bility, with especially large visibility decreases occuring in-and-near the
Central Valley. After 1966, nearly all locations display improving visibility.

The historical visibility trends are most easily summarized in a
quantitative manner by examining changes in three-year averages of various
visibility percentiles from 1949-1951 to 1965-1967 to 1974-1976. As noted
above, most locations exhibited deteriorating visibilities from 1949-1951 to
1965-1967. In particular, Downtown Los Angeles, San Bernardino, Fairfield,
Arcata, San Diego, Santa Maria, Bakersfield, Fresno, Sacramento, and Red
Bluff displayed decreases in visibility on the order of 20 to 40%. The
largest decreases occurred at locations in or near the Central Valley. The
three notable exceptions during the period 1949-1951 to 1965-1967 are Long
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Beach, Oakland, and San Francisco, which underwent moderate (~20%) improve-
ments in visibility.

From 1965-1967 to 1974-1976, nearly all sites show visibility improve-
ments on the order of 10 to 60%. The three exceptions are Sacramento,
Stockton, and Yuma (AZ), which display Tittle net change from 1965-1967 to
1974-1976.

Over the entire two and one-half decades from 1949-1951 to 1974-1976,
the major areas experiencing a net improvement in visibility were the central/
coastal parts of both the South Coast Air Basin and the San Francisco Bay
Area Air Basin. The densely populated, central/coastal portions of these
metropolitan regions underwent net improvements in visibility on the order
of 10 to 40%. Slight improvements in visibility also seem evident in north-
eastern California and southern Oregon from 1949-1951 to 1974-1976. The
major areas that experienced net deterioration in visibility -- on the order
of 10 to 30% -- are the San Joaquin and southern Sacramento Valleys, the
South Central Coast Air Basin, the inland part of the South Coast Air Basin,
and the Southeast Desert Air Basin.

For Downtown Los Angeles, we are able to determine visibility trends
from 1933 to 1976 using data assembied by Ralph Keith (1970, 1979a). As
noted by Keith, we find that visibility at Downtown Los Angeles has gone
through cycles: a sharp deterioration during the industrial expansion of the
early 1940's; significant improvement with the onset of air pollution con-
trols in the late 1940's and early 1950's; gradual deterioration from the
early 1950's to the early 1960's as growth (especially in automotive traffic)
evidently outstripped stationary source controls; and improvement from the
middle 1960's to the middle 1970's as automotive controls came into effect
and stationary source controls were further tightened. Comparing the middle
1930's to the early 1970's, it is obvious that the principal net change
occurred on days of best visibility; the best 10th percentile decreased from
about 40 miles to less than 25 miles. In contrast, median and worst-case
90th percentile visibilities have not exhibited much net change from the
1930's to the 1970's and may have even increased somewhat. It should be
remarked that the long-term visibility trends at Downtown Los Angeles may be
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affected by meteorological cycles and undocumented changes in visibility
reporting practices as well as by source growth and air pollution controls.

Visibility trends from 1949-1951 to 1965-1967 to 1974-1976 at the 19
study sites are also examined individually for the four quarters of the year.
The one outstanding seasonal feature in the trends is the deterioration of
winter/fall visibility relative to spring/summer visibility in the San
Joaquin and Sacramento Valleys. During the early 1950's, winter and fall
median visibility in the Central Valley were about the same as summer median
visibility and slightly worse than spring median visibility. By the middle
1970's, winter and fall median visibilities fell to about two-thirds of
summertime values and about one-half of springtime values. It should be
noted that the winter and fall seasons in the Central Valley are most sen-
sitive to anthropogenic air quality changes (especially with reépect to
secondary aerosols) because the winter/fall period is the prime season for
stagnant air and high relative humidity (which can promote secondary aerosol
formation and accumulation).

Historical visibility trends are also analyzedwith data stratified
according to meteorology. The meteorologically sorted trends are very
similar to the trends based on all the data. This suggests that the histor-
ical visibility changes most likely represent air quality changes rather
than purely meteorological phenomena such as fog, precipitation, blowing
dust/snow, or relative humidity. Specifically, the general deteriorating
trend in visibility from 1949-1951 to 1965-1967 may be related to emission
source growth, while the improving level from 1965-1967 to 1974-1976 may be
related to emission control programs. It should also be noted that the
meteorologically stratified visibility data exhibit the same strong seasonal
trends in the Central Valley as do the raw trend data.

It is difficult to reach firm conclusions regarding the specific
causes of historical visibility trends without long-term data on pollutant
trends. Data on ambient aerosol trénds are not of great help for interpret-
ing visibility changes because the ambient data cover a relatively short
time period, because historical ambient data are available only for a few
locations, and because serious statistical and measurement problems arise in
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using the ambient data for long-term analysis. The best possibility for
documenting long-term (~ 30 year) pollutant trends is to conduct a study of
historical emission trends for primary aerosols and for precursors of
secondary aerosols. An analysis of 30-year emission trends for various
regions in California would be a useful subject for future work.

Other investigators have speculated that historical visibility changes
in the Northeast United States may have caused significant climatic changes;
in particular, increases in haze may have reduced daily maximal temperatures
by as much as 4°F. To see if such effects might be occurring in California,
we examined temperature changes at various locations during sub-periods . of
1949-1976 that exhibited strong visibility changes. We were able to find no
relationship between historical visibility changes and historical temperature
changes. Although these results do not prove that haze levels have little
effect on temperature in California, our results do suggest that the relation-
ship between haze and temperature is not as strong or as obvious as one
might have suspected based on the data for the Northeast United States.

1.3 NEEDS FOR FUTURE WORK

This study of visibility in California has pointed out two critical
areas for future research. The first is to expand and improve our analysis
of visibility/aerosol relationships. In order to correct some of the
deficiencies in our empirical analysis produced by statistical problems in
the regression models, a synthesis should be made of empirical and theoretical
results to derive hybrid visibility/aerosol models specific to individual
parts of California. In deriving such models, regression analyses must be
performed for several sites in addition to the ones studied here. It would
also be worthwhile to add more terms to the regression equations by using
chemical element tracer methods to further separate out individual fractions
of the aerosol. This first area of needed research is presently being pur-
sued in a contract that the Air Resources Board recehtly awarded to Tech-
notogy Service Corporation.

The second area for future research involves compiiation of lTong-term
emission trends. In order to understand, the causes of historical visibility
trends in California, we need quantitative information on historical emission
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changes for primary aerosols and precursors of secondary aerosols. No such
information -- based on a consistent data base for uncontrolled emission
factors, historical control factors, and source growth factors -- is avail-
able for California. Recent studies for other states, however, have shown
that it is possible to trace historical emissions for 30 years or more into
the past. A detailed analysis of long-term emission trends for various
regions in California should be regarded as a promising area for future
research.
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2.0 DESCRIPTION OF THE DATA BASE

Before proceeding with our investigation of visibility in California,
it is worthwhile to describe the visibility data base that serves as the
foundation for our study. This chapter discusses the data base, consisting
of routine visibility observations taken at weather stations (mostly air-
ports), and explains some of the general procedures used in processing the
data. Section 2.1 describes the visibility observations, indicates the
study locations, and reviews data quality. Section 2.2 explains the special
techniques that must be applied in order to determine the statistical dis-
tribution of visibility from airport data. Section 2.3 examines the depen-
dence of visibiiity on meteorology and discusses the procedures used to
stratify the data for meteorology in some of our analyses.

2.1 WEATHER STATION VISIBILITY DATA

The visibility data presented in this report consist of "prevailing
visibility" recordings made by weather station observers. According to
National Weather Service procedures, prevailing visibility is defined as
the greatest visual range that is attained or surpassed around at least half
of the horizon circle, but not necessarily in continuous sectors (Williamson
1973). Daytime visibility is measured by observing markers (e.g. buildings,
mountains, towers, etc.) against the horizon sky; nighttime visibility
measurements are based on unfocused, moderately intense 1ight sources. Be-
cause our experience indicates that daytime and nighttime observations are
often incompatible, and that the daytime data are usually of higher quality.
(Trijonis and Yuan 1978a, b), only daytime observations are used throughout
this study.

Weather observers usually perform visibility measurements each hour.
In recent years, however, only the readings from every third hour are entered
into the National Climatic Center computerized data base.* In characteriz-
ing the geographical and seasonal patterns of existing visibility levels,
we restricted our analysis to the 1:00 PM PST observations. A single hour

*In the Pacific Time Zone, these hours are 1:00 AM, 4:00 AM, ..., 10:00 PM,
standard time. 20



was used each day because most of the data for characterizing existing
visibility levels were available only in hard copy (micro-fiche), and
1imiting the analysis to one hour pér day saved considerable work in hand-
processing such data. For several studies that were conducted with computer-
ized data -- e.g. visibility/meteorology relationships, diurnal patterns,
visibility/aerosol relationships, and long-term historical trends -- all

four daytime measurements (7:00 AM, 10:00 AM, 1:00 PM, and 4:00 PM) were
used.

The various analyses that we conducted on existing visibility levels
are based on data for the three-year period 1974 to 1976. Three years pro-
vides a robust, yet manageable, amount of data. The studies of long-term
historical trends essentially cover the period 1949 to 1976.

2.1.1 Study Locations

Before sites were selected for this study, telephone surveys pertain-
ing to data quality were conducted with visibility observers at approximately
80 weather stations.* The purpose of these surveys was to insure that each
station had an adequate set of visibility markers for estimating visual range.
In particular, we attempted to choose sites that had farthest markers located
at distances at least as great as the visibility levels typical of the sur-
rounding area. Most of the locations selected do have good markers. In some
cases, however, we were forced to use stations with less than optimal markers
in order to attain good geographical coverage in the study; for these cases
we had to extrapolate the cumulative frequency distributions in order to
estimate median visual range (see discussion in Section 2.2).

' Sixty-seven Tocations were selected for characterizing the spatial
and seasonal patterns of existing visibility in California. The density of
stations is quite high, considering that median visibility usually exhibits
very gradual spatial changes (because prevailing visibility measurements
represent averages over several miles). For example, we found that only
100 Tocations were adequate to describe the spatial patterns in nonurban
visibility throughout the continental United States (Trijonis and Shapland
*Appendix A Tists all the weather stations (144 sites) now operating in

California. Appendix B lists those stations and years for which computer-
ized data are available from the National Climatic Center.
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1979). We require a greater density of stations in the present study be-
cause Califonia exhibits the strongest spatial gradients of visibility in
the nation, and because this study considers urban as weil as nonurban
variations in visibility.

Figure 2.1 displays the 67 study locations, and Figure 2.2 illustrates
their location within the California Air Basins. All of the locations are -
airports with the exception of Blue Canyon, Campo, Lakeview (Oregon), Newport
Beach, Pillar Point, Sandberg, and San Francisco Pilot Boat. Figure 2.3
presents the altitudes of the study sites; as will be discussed later in
Chapter 3, special allowances are made for the altitudes of several sites
in constructing a map illustrating median visibility levels.

0f the 67 sites used to investigate the geographical and seasonal
patterns of existing visibility, data for 46 sites were obtained in hard
copy (micro-fiche). At the other 21 sites (the underlined locations in
Figure 2.1), the availability of computerized data permitted several analyses
in addition to spatial and seasonal patterns. The additional analyses con-
ducted at these 21 sites (or subsets thereof) include visibility/meteorology
relationships, meteorologically adjusted spatial patterns of visibility,
meteorologically adjusted seasonal patterns of visibility, diurnal patterns
of visibility (both for all data and meteorologically adjusted data), long-
term visibility trends (both for all data and meteorologically adjusted
data), and long-term effects of haze on temperature.

2.1.2 Data Quality

Previous studies (Trijonis 1979; Trijonis and Shapland 1979; Leaderer
et al. 1979; Husar et al., 1979; Trijonis and Yuan 1978a, 1978b; Latimer et
al. 1978) have found that airport visiiblity data are of very good quality
for use in analyzing existing visibility Tevels, visibility/meteorology re-
lationships, and visibility/aerosol relationships. This conclusion is con-
firmed in the present investigation. To give the reader a feel for the high
quality of the visibility data used herein, we note the following:

] As discussed in Section 3.1, very good consistency is found in

the spatial patterns of visibility levels. Monotonic gradients
often exist in passing from areas of poor visibility to areas of
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good visibility, and the readings at neighboring stations tend to
agree. As examples of this agreement, we note that the five study
sites in the central part of the South Ceast Air Basin all display
median visibilities of 7 to 9 miles, and that the seven study
sites in-and-near northeastern California all exhibit median visi-
bilities of 45 to 65 miles. Good agreement also occurs in the
seasonal patterns for neighboring stations.

) In Section 2.3, we find that dividing the data into general meteor-
ological classes explains a very high percentage of the variance
in extinction (i.e. the reciprocal of visibility). Typically, the
correlation coefficient achieved by the meteorological stratifi-
cation is on the order of 0.80 to 0.95 among the study sites. In
order for such high correlations to be obtained between visibility
and meteorological parameters, the visibility data must be of
good quality.

0 Regression analyses which relate extinction to aerosol concen-
trations and relative humidity (see Chapter 6) also achieve high
Jevels of correlation, typically 0.75 to 0.90, again demonstrating
the quality of the visibility data. These high correlations are
obtained despite the facts that only a crude breakdown of the
aerosol (i.e. Hi-Vol data for TSP, sulfates, and nitrates) is
available, that the aerosol data themselves involve errors, and
that the aerosol samplers and airports are usually Tocated several
miles apart.

The only major problem with the gquality of the visibility data arises
in the historical trend analysis. In examining historical trends, we are
often dealing with actual Tong-term visibility changes of 20% or less.
variations of this magnitude may also be produced artificially by changes
in observation locations and/or reporting practices. As discussed 1in
Chapter 7, we have attempted to minimize these problems by documenting
changes in reporting practices, by conducting statistical tests on changes
in observation locations, and by examining trends at neighboring locations
for consistency. Nevertheless, the presence of noise and artificial jumps

in the historical trend data remains an important data quality problem.

2.1.3 Aerosol Data

In the analysis of visibility/aerosol relationships (Chapter 6), day-
to-day variations in Hi-Vol data for TSP, sulfates, nitrates, and {when
available) organics are correlated with day-to-day variations in visibility
data. The aerosol data -- obtained from the National Air Surveillance Net-

work (NASN), the California Air Resources Board, and the San Francisco Bay
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Area AQMD -- are summarized in Table 2.1. These data and their limitations
are discussed further in Chapter 6.

Aerosol data are also used for comparison purposes in several other
parts of this report. Specifically, the geographical, seasonal, diurnal,
and long-term variations in visibility are compared to corresponding varia-
tions in aerosol concentrations.

2.2 STATISTICAL DISTRIBUTIONS OF VISIBILITY DATA

In practice, a weather station visibility recording of X miles usually
means that visual range is at least X miles rather than visual range is
exactly X miles. For example, at a station with farthest visibility markers
of 65 and 50 miles, a recording of 65 miles would imply that visual range
was at least 65 miles, and a recording of 50 miles would imply that visual
range was between 50 and 65 miles. Because of this phenomenon, weather
station visibility observations are most appropriately summarized by cumu-
lative frequency distributions of the form "percent of time visibility is
greater than or equal to X miles", These cumulative frequency distributions
are determined by noting the percent of time that visibility exceeds the
farthest reported value, and then adding percentages cumulatively as one
proceeds toward the smaller reported values. In this process, it is very
important to use only those visibilities that are routinely reported by the
weather observation team*; otherwise, artificial "kinks" will be produced
in the cumulative frequency distribution. Summarizing the visibility data
in the above way should make the data consistent from station to station
even if the various stations have visibility markers at different distances.
| Figure 2.4 presents examples of cumulative frequency distributions for
four California locations which vary widely in observed visibilities (cumu-
lative frequency distributions for 1974-1976 at all 67 study locations are
presented in Appendix C). The dots in Figure 2.4 represent the routinely
reported visibilities (often these correspond to distinct visibility

*
Referring to the previous example (with the 65 and 50 mile markers), if one
member of the observation team occassionally decided to report 55 mile visi-
bility rather than the routine 50 miles, then the 55 mile recordings should
be Tumped with the 50 mile recordings in the cumulative frequency distribution.
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TABLE

DATA SOURCE/LOCATIONS

2.1 AEROSOL DATA USED IN THE VISIBILITY/

AEROSOL REGRESSION ANALYSES.

YEARS OF DATA

AERQSOL SAMPLING TECHNIQUES

TSP SULFATE NITRATE ORGANICS
NATIONAL AIR
SURVEILLANCE NETWORK
Burbank 1970-1974 Hi-Vol Colorimetric Reduction
(glass filter) Diazo
Coupling
Fresno 1970-1974 Hi-Vol Colorimetric Reduction
(glass filter) Diazo
Coupling
Long Beach 1967-1974 Hi-Vol Colorimetric Reductian
(glass filter) Diazo
Coupling
Qakland 1966-1974 Hi-Val - Colorimetric Reduction
(glass filter) Diazo
Coupling
Ontario 1970, 1972-1973 Hi-Vol Colorimetric Reduction
(glass filter) Diazo
Coupling
Sacramento 1968-1974 ~ Hi-Vol Colorimetric Reduction
(glass filter) Diazo
Coupling
San Bernardino 1968-1970 Hi-Vol Colorimetric Reduction
(glass filter) Diazo
Coupling
San Diego 1966-1974 Hi-Vol Colorimetric Reduction
(glass filter) Diazo
Coupling
CALIFORNIA AIR
RESQURCES BOARD
Bakersfieid 4/76-3/78 Hi-Vol Turbidimetric 8rucine Benzene
{glass filter Colorimetric  Extraction
Barstow 4/77-3/78 Hi-Vol Turbidimetric Brucine
{glass filter) Colorimetric
Paso Robles 4/76-3/78 Hi-Vol Turbidimetric Brucine 8enzene
(giass filter) Colorimetric  Extraction
Red Bluff 4/76=-3/78 Hi-Vol Turbidimetric Brucine Benzene
(glass filter) Colorimetric - Extraction
SAN FRANCISCO
BAY AREA AQMD
San Jose 1975-1977 Hi-Vol Turbidimetric Colorimetric
(cellulose

filter - 1975;
glass filter -
1976-1977)
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markers). The lines drawn between the dots represent linear interpolations
of the cumulative frequency distributions.

Most of our results concerning the spatial and temporal patterns of
California visibility deal with median visual range. As is the case with
the four locations illustrated in Figure 2.4, most of the median visibilities
are determined by Tinear interpolations of the cumulative frequency dis-
tribution. In some cases, however, the frequency distributions required
extrapolation in order to reach the median visibilities. The form of these
extrapolations, linear or nonlinear, was based on a comparison of the
distribution for the station in question with distributions for other sites
located in the same general geographical area [including sites from our
previous nationwide study (Trijonis and Shapland 1979)]. For stations
where these extrapolations involve significant uncertainties, the uncer-
tainties are noted throughout this report by asterisks placed on the estimated
median visibilities.

2.3 VISIBILITY/METEOROLOGY RELATIONSHIPS

This section investigates the dependence of visibility on meteorology.
The purposes are to gain an understanding of visibility/meteorology relation-
ships and to develop an appropriate procedure for meteorological sorting of
of the visibility data. Most of the analyses in subsequent chapters of this
report are performed twice, once with all the visibility data, and once with
meteorologically sorted data. Meteorological stratification of the data is
useful because it helps to separate man-made influences from natural in-
fluences, and because it reduces the stochastic variance in the data.

The study of visibility/meteorology relationships is conducted for
the 13 sites 1isted in Table 2.2. For convenience in organizing and dis-
cussing the results, the sites are grouped according to five types of Tocation:
Coastal-Metropolitan, Coastal-Rural, Northern Valley, Central Valley, and
Desert. The analysis at each site is conducted using three years of data,
1974-1976.* A1l four daylight measurements are included, so there are 4384
data points at each location.

—
The only exception is San Bernardino, where 1963-1970 are the latest three
years with computerized recards.
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TABLE 2.2 LOCATIONS USED TC STUDY VISIBILITY/
METEOROLOGY RELATIONSHIPS.

COASTAL - METROPOLITAN NORTHERN VALLEY
San Francisco (Int.) Medford
Long Beach Red Bluff

San Bernardino

San Diego (Int.) CENTRAL VALLEY

Sacramento
COASTAL - RURAL Frasno
Arcata Bakersfield
Santa Maria
DESERT
Bishop
Yuma

Table 2.3 describes the 11 meteorological parameters used in the
study. The meteorological data for each hour are extracted from the same
National Climatic Center TDF 1440 tapes that supply the visibility data.

The study of visibility/meteorology relationships is performed with
the visibility data transformed into extinction data using the Koschmeider
formula, B = 24.3/V (see Section 1.1 for adiscussion of the Koschmeider
formula). Thus, the analysis actually pertains to extinction/meteorology
relationships which should bear some resemblances to pollutant/meteorology
relationships (because extinction tends to be linearly related to aerosol
concentrations with all other factors held constant). In our statistical
analyses, which focus on explaining the variance in the dependent variable,
using extinction data rather than visibility data places greatest weight on
worst-case conditions (i.e. high values of B) rather than best-case con-
ditions (i.e. high values of V). When logarithims of extinction are used in
the analysis, worst-case and best-case conditions are weighted more evenly. .
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TABLE 2.3 WEATHER PARAMETERS USED TO STUDY

VISIBILITY/METEOROLOGY RELATIONSHIPS.

WEATHER PARAMETER (CODE) DESCRIPTION UNITS
Fog (FOG) Occurrence of fog (0 = no, no units
1 = yes).
Relative Humidity (REL Retative humidity in percent. no units
HUMI)
Temperature (TEMP [F]) Dry bulb temperature. °F
Ceiling Height (CEIL HGT) Distance to ceiling (sky 102 feet
cover of 60% or greater).
Wind Speed (WIND SPD) Surface wind speed. knots
Sky Cover (SKY COVR) Percent of celestial dome no units
covered by clouds or ob-
scurring phenomena.
Blowing Dust (BLW DUST) Occurrence of dust, blowing no units
dust, or blowing sand (0 =
no, 1 = yes).
Liquid Precipitation Occurrence of rain, rain no units
(LIQUD PR) showers, freezing rain, rain
squalls, drizzle, or freezing
drizzle (0 = no, 1 = light,
2 = moderate, 3 = heavy).
Frozen Precipitation Occurrence of snow, snow pellets, no units
(FROZN PR) ice crystals, snow showers, snow
squalls, snow grains, sleet, sleet
showers, or hail (0 = no, 1 = light,
2 = moderate, 3 = heavy).
Blowing Snow or Spray Occurrence of blowing snow or no units
(BLW SNOW) spray (0 = no, 1 = yes).
Thunderstorms (THUNDERS) Occurrence of thunderstorm, no units

tornado, or squall (0 = no,
1 = yes).
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2.3.1 Dependence of Extinction on Weather Parameters

In order to study the general relationship between extinction and
weather parameters, we used the CART (Classification and Regression Trees)
program developed at Technology Service Corporation (Brieman 1978). The
purpose of the program is to explain the variation in a dependent variable
(extinction) by sequentially splitting the data according to ranges of the
independent variables (meteorological parameters). As illustrated in
Figure 2.5, the net result is a decision-tree that accounts for the variance
in the dependent variable according to groups (meteorological classes) de-
fined by the independent variables.

For the problem of relating extinction to meteorological variables,
the CART decision-tree program offers several advantages over more conven-
tional data-analytic techniques such as multiple linear regression. The
advantages include the following:

¢ The CART program is a non-parametric technique based on a general

form of the least-squares principle; it does not involve restric-
tive assumptions such as additivity and linearity.

¢ The meteorological classes defined by CART can be interpreted on
physical grounds more easily than multivariate regression equations.-

e Because the CART trees are evaluated by a cross-validation test
with independent data sets, an unbiased estimate is obtained of
the percent variance explained.

® Previous experience (Trijonis et al. 1979) indicates that decision-
tree analysis of aerosol/meteorology relationships generally ex-
plains more variance than multiple linear regression.
Our original plan in this study was to use the CART results not only
to gain a basic understanding of extinction/meteorological relationships,
but also to define explicit meteorological classes at each site for the pur-
pose of weather-normalizing historical visibility trends. We found evidence,
however, of problems with over-fitting the data in some of the decision-
trees (especially when B rather than 1nB was used as the dependent variable).
These over-fit problems can Tead to serious difficulties when attempting to
normalize Tong-term visibility trends for meteorology (Trijonis et al. 1979;
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Zeldin and Meisel 1978). Thus, we decided to use the CART trees only as a
means of understanding the relationships between extinction and visibility.
In the next section, general meteorological classes (applicable to all
sites) are defined based on this understanding and on fundamental physical
reasohing.

In order to illustrate the main features in the CART results, the
decision-trees can be summarized as shown in Table 2.4. For each location,
a "+" entry in the Table indicates a decision-tree split with a positive
relationship between extinction and the meteorological variable. A "-"
entry denotes a decision-tree split with a negative relationship between
extinction and the meteorological variable. For example, the "+" entries
for relative humidity in Table 2.4 represent decision-tree splits whereby.
higher extinction is associated with higher relative humidity. The circled
values denote the first split in the tree, e.g. the split on FOG in Figure
2.5. As an aid in understanding the meaning of the Table, the reader can
compare Figure 2.5 with the Sacramento results in Table 2.4b.

Table 2.4a preseﬁts the results for the case where extinction (B) is
related to all 11 meteorological variables using all 4384 data points at
each location. In this case, most of the decision-trees have a similar
form; there is an initial split on fog, with the foggy days then split
two or three times according to ceiling height (see, for example, Figure
2.6 for Medford). In order to best explain the variance in B, the decision-
trees are focusing on the worst-case outliers (foggy days) and measuring the
fintensity of the fog according to ceiling height. The frequency of fog is
typically from 5% to 15% at all sites except the two desert sites (where
fog occurs less than 1% of the time) and Arcata (where fog occurs 25% of
the time.

The one other interesting feature in Table 2.4a is the initial split
on blowing dust at Yuma. Evidently, worst-case conditions at Yuma tend to
be associated with the 1% of hours when blowing dust is recordedf It should

——
Actually, more than 1% of the hours at Yuma may have some degree of blowing
dust, because blowing dust need only be recorded by the airport meteorologist
if it restricts visibility to less than 7 miles.
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be noted, however, that other studies (Trijonis 1979; Macias et al. 1979)
have suggested that long-range transport of secondary aerosols (rather than
blowing dust) tends to be the dominant contributor to visibility reduction
in the desert Southwest on typical days (rather than worst-case days).

Table 2.4b presents the results when the dependent variable is InB;
the logarithim transformation places less weight on worst-case days. Most
of the decision-trees still contain branches that are split on fog with
further splits on ceiling height, but this aspect is no longer the over-
whelming feature in the trees. Relative humidity and, to a lesser extent,
temperature, emerge as important variables that are positively correlated
with extinction. Relative humidity is a key variable because it relates to
fog, precipitation, and the hygroscopic/deliquescent properties of certain
aerosols. Temperature may represent photochemical aerosols or other
seasonal phenomena. A negative correlation between wind speed and extinction
appears at many of the urban sites along the coast and in the central
valley region; this may reflect the importance of dispersion in lessening
visibility impacts from anthropogenic sources. At Yuma, the importance
of dust to worst-cast days is indicated by the split on blowing dust and
by the positive correlations between extinction and wind speed.

Because sorting with respect to fog is likely to be an initial step
in developing meteorological stratification schemes, it is interesting to
examine the relationship between extinction and weather parameters for the
remainder of hours (i.e. non-fog hours). Table 2.5 summarizes the decision-
tree analysis when foggy hours are excluded form the data base. It can be
seen that relative humidity tends to be the most important variable related
to extinction but that temperature, ceiling height, and wind speed are also
significant. As noted previously, relative humidity and temperature exhibit
positive correlations with extinction, while ceiling height displays
negative correlations. Wind speed relates negatively to extinction at
urban locations but positively at the two desert sites. Precipitation is
significant at a few locations, and blowing dust is an important variable
at both desert sites.
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In order to gain further insights into extinction/meteorology relation-
ships, it is useful to examine the intercorrelations among the important
weather parameters {relative humidity, temperature, ceiling height, and wind
speed). This will allow us to check the possibility that certain meteoro-
logical parameters are correlated with extinction only because they are
correlated with other meteorological parameters which in turn affect ex-
tinction. Table 2.6 summarizes the intercorrelations among the weather
parameters on days without fog or precipitation. The most striking feature
of Table 2.6 is the high negative correlation between relative humidity and
temperature. That relative humidity and temperature both relate positively
with extinction despite their negative intercorrelation indicates that these
two variables represent two distinct types of phenomenon affecting extinction.
For example, relative humidity may reflect the amount of water that becomes
attached to the aerosol, while temperature may reflect photochemical aerosol
production. Another noteworthy aspect of Table 2.6 is the significant
negative intercorrelation between ceiling height and relative humidity; part
of the negative relationship that we found between ceiling height and ex-
tinction may be due to the intercorrelation of ceiling height and relative
humidity.

2.3.2 Procedures for Meteorological Stratification

This section develops methods for meteorological stratification of
the extinction (or visibility) data. The basic purposes of meteorological
stratification are twofold: first, to reduce the stochastic fluctuations
caused by meteorology in our analysis of long-term visibility trends (Chapter
7), and second, to help separate man-made visibility impacts from natural
visibility impacts in our analyses of geographical, seasonal, and diurnal
patterns (Chapters 3, 4, and 5). With respect to the second purpose, it
should be noted that it is impossible to completely segregate man-made im-
pacts from natural impacts through meteorological classification. This
important caveat will be emphasized repeatedly in the present and sub-
sequent chapters.

As a first step in meteorological classification, we decided to sepa-
rate out, as Class I, weather observations indicating obvious influences from
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natural causes. Class I includes occurrences of fog, liquid precipitation,
and frozen precipitation, as well as observations of blowing dust, sand,
snow, or spray. To further minimize influences from blowing dust, Class I
also includes all hours with wind speed greater than 12 knots. As noted
above, this classification does not really seperate man-made impacts from
natural impacts. During hours not classified as Class 1, a considerable
fraction of total extinction may still arise from natural aerosols such as
dust particles, sea spray, water droplets, or certain organic aerosols.
Conversely, during Class I hours, man-made impacts can be very significant.
For example, some extreme sulfate episodes are known to occur in c